INTRODUCTION
The motor cortex plays roles in planning and executing voluntary movements (Shenoy et al., 2013) . Activating different regions of the motor cortex causes movements of specific body parts (Komiyama et al., 2010; Li et al., 2015; Matyas et al., 2010; Neafsey et al., 1986; Tennant et al., 2011; Travers et al., 1997) . Consistent with a role in controlling movement, motor cortex neurons encode variables related to movement, such as movement direction and speed as well as muscle force (Scott, 2008) . Motor cortex activity also anticipates movement. In delayed response tasks, motor cortex neurons show preparatory activity, which predicts specific movements, including arm movements (Crutcher and Alexander, 1990; Riehle and Requin, 1989; Tanji and Evarts, 1976) , eye movements (Bruce and Goldberg, 1985) , body orienting (Erlich et al., 2011) , and tongue movements (Guo et al., 2014b) , often seconds before initiation of the movement (Churchland et al., 2010) . Disrupting preparatory activity can bias movement direction (Guo et al., 2014b; Li et al., 2015) or delay movement onset (Churchland and Shenoy, 2007) . Preparatory activity is therefore considered a neural correlate of motor preparation, also referred to as motor planning.
During decision making, the brain evaluates sensory input and recent reward history to choose an action. Preparatory activity is an early neural correlate of behavioral choice. The cortical area showing the earliest preparatory activity is likely part of a neural circuit that selects and initiates the action, a critical step in decision making (Sul et al., 2011) . Identifying areas showing the earliest preparatory activity is thus critical for mechanistic analyses of decision making and motor preparation. Preparatory activity has been reported in multiple parts of motor cortex (Bruce and Goldberg, 1985; Crutcher and Alexander, 1990; Erlich et al., 2011; Guo et al., 2014b; Herná ndez et al., 2010) and other brain areas (Goard et al., 2016; Maimon and Assad, 2006; Tanaka, 2007) . It is not known whether preparatory activity originates in one locus and then spreads to other areas, or whether preparatory activity appears concurrently in multiple areas within the motor cortex.
Recently developed delayed response tasks for rodents are beginning to allow a more comprehensive and mechanistic analysis of motor preparation (Erlich et al., 2011 (Erlich et al., , 2015 Goard et al., 2016; Guo et al., 2014b; Li et al., 2015 Li et al., , 2016 . In one such task mice report the location of an object, sensed with their whiskers by directional licking (Guo et al., 2014a) . Brief and localized optogenetic silencing experiments identified the anterior lateral motor cortex (ALM; centered on 2.5 mm anterior, 1.5 mm lateral) as a hub for planning voluntary licking in mice (Guo et al., 2014b; Li et al., 2016) . A large proportion of ALM neurons exhibit persistent and ramping preparatory activity during the delay epoch before the movement (Guo et al., 2014b; Li et al., 2015 Li et al., , 2016 . Preparatory activity coding for different movement directions is distributed across both ALM hemispheres, similar to preparatory activity in human premotor cortex (Fried et al., 2011) . Maintenance of preparatory activity requires reverberations in a cortico-thalamocortical loop (Guo et al., 2017) .
Three types of manipulation experiment show that preparatory activity in ALM and connected subcortical structures instructs future directed licking. First, unilateral inactivation of ALM, but not surrounding cortical areas, during motor preparation impairs upcoming licking in the contralateral direction, without impairing licking in general (Guo et al., 2014b) . The effects of unilateral inactivation are similar to the spatial contralesional neglect observed after unilateral lesion of the primate premotor cortex (Kerkhoff, 2001; Rizzolatti et al., 1983) . Second, transient unilateral activation of ALM pyramidal tract neurons has persistent effects on ALM population activity and biases the direction of future licking in the contralateral direction . Third, brief bilateral inactivation destroys ALM preparatory activity on average and randomizes future licking direction; but on a trialby-trial basis, licking direction can still be predicted based on ALM population activity before movement onset . These experiments establish a causal link between ALM preparatory activity and licking direction.
Other studies have found preparatory activity outside of ALM in the rodent motor cortex. A more posterior and medial area, referred to as frontal orienting field (Erlich et al., 2011) and vibrissal motor cortex (Brecht, 2011; Hill et al., 2011; Hooks et al., 2011 Hooks et al., , 2013 Mao et al., 2011; Matyas et al., 2010) can show preparatory activity for orienting movements (Erlich et al., 2011) . This area also overlaps with the anterior part of the somatic forelimb motor cortex (Tennant et al., 2011) . Here we refer to this multimodal motor cortex area as medial motor cortex (MM) (mouse coordinates centered on, 1.5 mm anterior, 1 mm lateral). Together these studies suggest that preparatory activity might be widely distributed across motor cortex. One confounding issue is that comparisons across multiple regions of motor cortex have rarely been made within the same task (but see Crutcher and Alexander, 1990; Herná ndez et al., 2010; Sul et al., 2011) .
Other experiments have described coding for touch (Ferezou et al., 2007; Huber et al., 2012; Kleinfeld et al., 2002; Petreanu et al., 2012) , visual input (Goard et al., 2016) , and whisker movement (Hill et al., 2011; Huber et al., 2012; Petreanu et al., 2012) in mouse motor cortex. The diverse patterns of behavior-related activity, including preparatory activity, seen in motor cortex could be distributed differentially across cell types within a motor cortical area. Evidence for cell-type-specific coding has come from recordings from the two major projection neuron classes in motor cortex Turner and DeLong, 2000; Sommer and Wurtz, 2000) : intratelencephalic (IT) neurons that project to other cortical areas and pyramidal tract (PT) neurons that project out of the cortex, including the superior colliculus, brainstem, and spinal cord (Shepherd, 2013) . IT neurons connect to other IT neurons and excite PT neurons, but not vice versa. PT neurons are thus at the output end of the local motor cortex circuit (Brown and Hestrin, 2009; Hooks et al., 2013; Kiritani et al., 2012; Morishima and Kawaguchi, 2006) . ALM PT neurons in layer 5B project to subcortical structures that control facial movements, including the contralateral intermediate nucleus of the reticular formation, which is presynaptic to the hypoglossal nucleus and the intrinsic and extrinsic muscles of the tongue (Komiyama et al., 2010; Stanek et al., 2014; Travers et al., 1997) . A comparison of IT and PT neuron activity in ALM suggests that both populations show preparatory activity, but activity consistent with a movement command is specific to PT neurons. How selectivity is distributed across IT and PT neurons in other parts of the motor cortex during behavior is not known.
Here we map behavior-related activity across the motor cortex while mice performed a tactile delayed directional licking task. Our goal was to address two related questions. First, is preparatory activity limited to, most prevalent in, or earliest in ALM? Second, are neural activity patterns most correlated with membership of motor cortical area, cortical layer, or neuronal projection type? To address these questions, we used cellular imaging in transgenic mice expressing the protein calcium indicator GCaMP6s (Chen et al., 2013; Dana et al., 2014) . This allowed us to measure encoding of behavior-related variables in tens of thousands of neurons distributed across the motor cortex in an unbiased manner. Parallel experiments were performed using silicon probe recordings in ALM and MM. We observed diverse task-related activity in both ALM and MM. A whiskerrelated persistent representation of trial type emerged in superficial and deep MM. Neurons showing preparatory activity selective for upcoming licking directions emerged first in the deep layers of ALM. Preparatory activity was largely confined to ALM in the delay epoch and spread to superficial ALM layers and other parts of motor cortex at the time of movement. Correlating cortical location, cortical depth, and axonal projection type with encoding revealed a strong effect of cortical location in explaining the diversity of neuronal response compared to other factors.
RESULTS
We imaged behavior-related population activity across the motor cortex in mice performing a whisker-based object location discrimination task with a delay epoch (Guo et al., 2014b; Li et al., 2015) . In each trial, a vertical pole (''object'') was presented in one of two positions (anterior or posterior) during a sample epoch (duration, 1.2 s) (Figure 1 ). Mice discriminated object locations using their whiskers. During a subsequent delay epoch, mice planned the upcoming response. An auditory ''go'' cue (0.1 s) signaled the beginning of the response epoch, and mice reported object location by licking one of two ports (posterior/ lick right; anterior/ lick left) ( Figures 1A and 1B) . Because calcium imaging provides a low-pass filtered report of neural activity (decay time in GP4.3 mice, $350 ms; Dana et al., 2014) , we used a long delay epoch (3 s). This allowed us to isolate neural activity related to distinct behavioral epochs using calcium imaging. In addition, a parallel set of experiments was performed using single unit measurements with silicon probe electrodes (Figure 7) .
We considered four trial types: on correct trials, mice licked as instructed by the object location (correct right [CR] ; correct left [CL] ) and were rewarded; on error trials, mice licked the other lickport (error right [ER] ; error left [EL]) and were not rewarded ( Figure 1C ). Trials in which the mice licked early during the delay epoch (13.3% ± 10%) were not analyzed. Since mice had all of their whiskers, relatively small whisker movements were sufficient to touch the pole and thus discriminate object location.
Mapping Neural Activity Using Wide-Field Imaging
We tracked behavior-related activity on the mesoscale using wide-field calcium imaging (Vanni and Murphy, 2014 ). An imaging window was made over the left frontal cortex, covering MM, ALM (Guo et al., 2014b; Li et al., 2016) , and other motor cortical areas (Figure 2A ). Changes in fluorescence relative to baseline were measured as changes in behavior-related activity (STAR Methods). During the sample and early parts of the delay epoch, activity was most pronounced in MM ( Figures 2B-2D ), contralateral to the whiskers touching the object ( Figure S1 ). As the delay epoch progressed, activity spread forward and lateral to ALM ( Figures 2B-2D ), across both ALM hemispheres ( Figure S1 ). Behavior-related activity therefore shifts from MM to ALM before the behavioral response ( Figure 2D ). After the behavioral response, activity increased across a large part of the motor and somatosensory cortex.
Mapping Activity Using Two-Photon Calcium Imaging
The wide-field calcium imaging experiments suggest that ALM and MM might encode distinct types of information during different phases of the task. We used two-photon calcium imaging to track behavior-related information encoded by representative populations of individual neurons . Neurons were sampled across MM, ALM, and surrounding areas. For each mouse (n = 6), we collected data from 1 to 3 image locations (n = 12 locations in total, Figure 2E ), each containing multiple (8.8 ± 2.6) image planes (600 mm 3 600 mm) spanning depths from 100 mm (layer [L] 2) to 600 mm (L5) (Figures 2F and S2) .
Each image plane (n = 105, Figure 2F and S2) was sampled at 14 Hz while mice performed the task for 92 ± 26 trials, with performance at 73% ± 9% trials correct. Mice typically performed 300-500 trials per behavioral session, allowing sequential imaging of 3 ± 1 planes per session (range 1-6, Figure S2 ). Behavioral performance was stable across planes of a session ( Figure S2 ). Neurons with clearly identifiable morphology in the average fluorescence images were segmented using a semiautomated morphometric algorithm (Chen et al., 2013) . Because of the densely packed labeled neurons, and the homogeneous GCaMP6s expression levels across neurons in the transgenic mice, it was not possible to identify all neurons by morphology. Additional neurons were identified based on clusters of temporally correlated pixels, a method that highlights active neurons (Junek et al., 2009 ). Our sample (15,431 neurons across 6 mice) is therefore biased toward the active population. The location of each imaged location was aligned to the surface blood vessels pattern in the window. The stereotactic coordinate of each imaged cell can then be derived from the known stereotactic coordinates of vascular landmarks recorded during surgery.
We measured activity of each neuron across all four trial types ( Figure S2 , average number of trials per imaged plane: CR: 34 ± 13, CL: 36 ± 14; ER: 12 ± 5, EL: 10 ± 4). Neuropil signals were small compared to task-related cellular responses (Figure S3) and were subtracted (STAR Methods). Consistent with previous studies, the activity of a large proportion of neurons distinguished between trial types in MM (23%, 1,523/6,594) (Erlich et al., 2011; Goard et al., 2016; Huber et al., 2012) and ALM (31%, 2,754/8,837) (Guo et al., 2014b; Li et al., 2015) . Consistent with the wide-field imaging experiments (Figure 2 ), the peak of activity shifted from MM to ALM over the course of the delay epoch ( Figure S4 ).
Analysis of Behavior-Related Activity
The four trial types differ in the location of the presented object (anterior or posterior), the direction of the answer lick (left or right) and the trial outcome (correct, rewarded; error, unrewarded) ( Figure 3A , left). For each neuron, the pattern of neuronal responses across the four trial types could reflect coding (selectivity) for one or a combination of these three task-related variables ( Figure 3A , right). For example, selectivity for object location implies a different response in trials with posterior object location (CR, ER) compared to trials with anterior object location (CL, EL) ( Figure 3A , neuron 1). On the other hand, selectivity for lick direction implies a different response in lick left trials (CR, EL) compared to lick right trials (CL, ER) ( Figure 3A , neuron 2). Finally, selectivity for outcome implies different responses for correct (CR, CL) and error (ER, EL) trials (neuron 3 in Figure 3A) .
We modeled the trial-type-specific DF/F of each neuron as a linear combination of object location (a), lick direction, (b) and outcome (g) effects, together with a non-selective, trial-type independent term (m) (STAR Methods). For each time point t relative to trial start, we decomposed DF/F(t) into a(t), b(t), g(t), m(t). Selectivity was determined by testing for significant contributions of a(t), b(t), g(t) using three-way analysis of variance (ANOVA). The selectivity of most neurons can be attributed to one of the three coefficients, especially during the early part of the trial ( Figure S5 ). This implies that most neurons mainly encode one of the three behavioral variables at any given time.
A large number of neurons were selective for licking direction ( Figure 4A ), consistent with electrophysiological (Guo et al., 2014b; Li et al., 2015 Li et al., , 2016 and previous imaging studies in ALM. Individual neurons coded for lick direction at different times during the task. Some neurons were selective during the sample and delay epochs, long before onset of licking, a key signature of preparatory activity (Guo et al., 2014b; Li et al., 2015; Tanji and Evarts, 1976) ( We also found abundant neurons selective for object location ( Figure 4B ). Many of these neurons were selective during the sample epoch when mice explored the object ( Figure 4B , left). However, a subset of neurons coded object location primarily during the delay epoch, after the pole was removed ( Figure 4B , middle, right). Some of these neurons carried information about object location up to the end of the delay epoch, seconds after the stimulus ( Figure 4B , right), representing a memory of object location (Herná ndez et al., 2010; Huber et al., 2012; Petreanu et al., 2012) .
A third group of neurons was selective for trial outcome (Figure 4C ). These neurons typically became selective after the answer lick. A subset of the outcome-selective neurons responded preferentially during correct trials ( Figure 4C , right), whereas others responded strongly during error trials ( Figure 4C , left, middle). Some neurons persistently represented trial outcome long after the trial ended ( Figure 4C , middle). Thus, in the motor cortex, object location, lick direction, and trial outcome are encoded in different neuronal populations during multiple task epochs.
We also observed neurons with activity patterns that cannot be explained by a single coefficient alone (Herná ndez et al., 2010; Rigotti et al., 2013) . Most of these neurons with ''mixed'' selectivity were observed during the response epoch. A subset responded during only one of the four trial types ( Figure 5A ). A few neurons switched their selectivity during the trial ( Figure 5B ). For example, some neurons encoding object location early during the task later encode trial outcome during the response epoch ( Figure 5B , cell 1). Other neurons encoded object location early in the trial, and licking direction late in the trial ( Figure 5B , cell 2-4).
Spatial Map of Behavior-Related Activity
We mapped the spatial distribution of neurons with different types of selectivity over time ( Figure 6 ). During the sample and the early part of the delay epoch, representation of object location was prominent, mainly in MM (Figures 6B, 6C, 6D, S6, and S7) . This is consistent with coding of tactile signals in MM (Ferezou et al., 2007; Huber et al., 2012; Petreanu et al., 2012) . Neurons selective for lick direction appeared first in the deep layers of ALM, early in the delay epoch ( Figures 6D, 6E , and S6). Lickdirection selectivity, including number of neurons and the strength of coding, continued to increase and spread across ALM layers and to a minor extent into MM ( Figure S7 ), reaching a maximum after the go cue ( Figures 6F-6I ).
Outcome-selective neurons, which were observed only during the response epoch, were scattered approximately uniformly throughout ALM and MM ( Figures 6G-6I ). ''Mixed'' neurons were also observed primarily during the response epoch in both ALM and MM (Figures 6G-6I ). Throughout the trial, preparatory activity, quantified either as fraction of lick direction-selective neuron (Figures 6H and 6I) or as average coding coefficient (Figures S6 and S8) , was most pronounced in ALM, whereas object location related selectivity was mainly limited to MM . Consistently, the effects of optogenetic inactivation during the delay epoch on lick direction were greater in ALM compared to MM ( Figure S9 ; Discussion). These measurements show that within motor cortex, preparatory activity arises first in ALM.
Comparison with Extracellular Electrophysiology
Cellular calcium imaging produces a biased representation of the underlying spike rates. The fluorescence signal is a lowpass filtered (Chen et al., 2013; Dana et al., 2014) and non-linear (Akerboom et al., 2012) readout of neural activity. In addition, decreases in activity produce a slowly changing fluorescence signal, which is more difficult to detect than the more rapid fluorescence changes associated with increases in activity. Although deconvolution and spike rate inference can overcome some of these problems in ideal situations (i.e., zero baseline spike rate and infinite signal-to-noise ratio) (Pnevmatikakis et al., 2016; Vogelstein et al., 2009; Theis et al., 2016) , these methods are not easily applicable to situations where the spike rate varies by 50-fold across the neural population (Guo et al., 2014b; Li et al., 2015 Li et al., , 2016 .
We performed parallel experiments using silicon probes. We recorded single units (n = 567, 3 mice) in the left ALM and MM under identical behavioral conditions as the imaging experiments. The spikes rates of 393 neurons distinguished trial types during either sample (n = 115), delay (n = 182), or response epoch (n = 309). Similar to the imaging experiments, we found neurons selective for distinct task variables during different task epochs ( Figures 7A-7C ). The majority of object location-, lick direction-, and outcome-selective neurons were observed during sample, delay/response, and response epochs, respectively ( Figure 7D ). Neurons selective for object location were observed most frequently in MM; neurons selective for lick direction were mainly observed in ALM; neurons selective for outcome and mixed neurons were numerous in both ALM and MM ( Figure 7D ). We observed neurons that appeared to carry a memory for taskrelated variables. This includes neurons representing object location after the object had been removed ( Figure 7B , object location cell 2 and 3), lick direction after animals stopped licking (Figure 7A , lick direction cell 3), and neurons representing trial outcome after the trial was over ( Figure 7C , outcome cell 2).
Using both imaging and electrophysiology data, we calculated the fraction of object location, lick direction, outcome, and mixed neurons and compared their abundance in ALM and MM (Figures 6H , 6I, 7D, and S8). Neurons selective for object location were concentrated in MM during the sample and early delay epochs. Neurons selective for lick direction were concentrated in ALM during the delay epoch. They were encountered in both MM and ALM during the response epoch. Neurons selective for trial outcome were observed in both ALM and MM. Similarly, mixed neurons were observed both in ALM and MM during the response epoch.
Projection-Specific Coding
The diverse neuronal responses in ALM and primary motor cortex (Turner and DeLong, 2000) correlate with specific neuronal projection types. We asked whether projection type and cortical layer explain differences in responses across neurons. In three mice, we combined retrograde labeling of pyramidal tract (PT) (n = 719) and intratelencephalic (IT) (n = 2,631) neurons with two-photon calcium imaging ( Figure 8A ). We divided cortical depth into superficial (<350 mm deep; including L1-3) and deep (>350 mm deep; including L5A and 5B) layers (Hooks et al., 2013; Li et al., 2015; Mao et al., 2011) . IT neurons were found in both superficial and deep layers, whereas PT neurons were exclusively in deep layers ( Figure 8C ). In ALM, the strongest lick direction selectivity was observed in the deep layers ( Figures 8D and S10) , where PT and IT neurons were intermingled. A contra bias during the delay epoch was Distance from bregma (μm) Post.
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observed in PT neurons ( Figure 8D ), consistent with previous electrophysiological recordings . The magnitude of lick direction selectivity (jbj) appeared stronger and earlier in PT than in IT neurons (delta onset time; time when selectivity rose to >6 SD above baseline = 1.4 ± 0.6 s; p < 0.01, bootstrap; Figure 8D ). However, this difference in lick direction selectivity onset was not detected in an electrophysiology dataset recorded under similar conditions (Discussion).
ALM neurons displayed prominent lick direction selectivity and little object location selectivity. In contrast, MM neurons displayed strong object location selectivity in both superficial and deep layers, and in both PT and IT cells. PT neurons in MM also displayed strong object location selectivity particularly during the early delay period ( Figure 8D ). This is surprising because, compared to IT neurons, PT neurons receive only weak input from the somatosensory cortex (Hooks et al., 2013; Mao et al., 2011) . Neither PT nor IT neurons in MM displayed prominent lick direction selectivity before licking movement.
Our results suggest that coding of PT and IT neurons is primarily determined by their location in the motor cortex. We quantified response variance explained by cortical area, cell depth, and projection type (STAR Methods). Cortical area (i.e., ALM versus MM) and cell depth (superficial z < 350 versus deep z > 350) explained the majority of response variability (Figures 8E and 8F ). Motor cortex neurons projecting to a common target therefore carry distinct information depending on the location of the source neuron.
DISCUSSION
We mapped activity across the motor cortex while mice performed a whisker-based object localization task with a delayed licking response. As a function of time during the behavior, task-related activity spread from medial motor cortex (MM) to anterior lateral motor cortex (ALM). Preparatory activity predicting the licking response was first detected in deep layers of ALM, seconds before the movement. Preparatory activity began and increased during the delay epoch. During the response epoch, lick direction-selective activity was also seen in superficial neurons and in MM. Our data show that preparatory activity is most pronounced in ALM.
In previous experiments we used optogenetic methods to inactivate parts of the cortex during the delay epoch and measured the directional response bias during the response epoch (Guo et al., 2014b) . The bias was largest when inactivation was centered 2.5 mm anterior of bregma and 1.5 mm lateral to the midline, defining the center of ALM. The behavioral effects of photoinhibition decreased as the photostimulus was moved to more posterior and medial parts of the motor cortex (Figure S9) . Inactivation of anterior parts of MM also biased the behavior, but to a lesser extent compared to ALM. The behavioral effect during silencing MM could be explained by the finite resolution of the inactivation methods. The optogenetic manipulation reduced activity by 50% one millimeter from the center of the photostimulus (1.5 mW average power) (Guo et al., 2014b) . The centers of ALM and MM are separated by less than 2 mm in the mouse and inactivation of anterior parts of MM likely also silenced parts of ALM. To better define the brain areas controlling motor preparation, Li et al. used deconvolution methods to correct for the spatial extent of inactivation . This analysis suggests that ALM (approximate diameter, 1.5 mm) controls motor preparation in the delayed directional licking task.
ALM shows pronounced preparatory activity, the neural correlate of motor preparation. Little preparatory activity was seen in MM. Together the imaging and inactivation studies provide a parsimonious view of ALM as a center of motor preparation for directional licking.
Our experiments do not yet determine the origin of preparatory activity. Preparatory activity could be expressed in other cortical areas that were not probed here. Furthermore, preparatory activity has been observed in structures of the brain that are directly or indirectly coupled to ALM, such as thalamus (Guo et al., 2017; Tanaka, 2007) , cerebellum (Ohmae et al., 2013) , striatum (Ding and Gold, 2010) , and the basal ganglia (Howe et al., 2013) . ALM is part of a multi-regional loop that produces and maintains preparatory activity (Guo et al., 2017) .
Previous studies found preparatory activity in MM neurons in a task involving orienting movements (Erlich et al., 2011 (Erlich et al., , 2015 . Another recent study reported delay epoch activity in MM during delayed go-nogo behavior (Goard et al., 2016) . In both studies, inactivation of MM degraded behavioral performance. However, the inactivation experiments do not clearly distinguish between MM and ALM. In the Erlich et al. experiments, muscimol likely silenced a large area of frontal cortex (Krupa et al., 1999) , including parts of ALM. Similarly, Goard et al. used very powerful photoinhibition, approximately 10-fold stronger than in Guo et al. (20 mW versus 1.5 mW average power), and thus likely inactivated an area with radius larger than 2 mm, including MM and ALM (Guo et al., 2014b ; Figure 2 ). Neither study investigated the relative prevalence of selective delay period activity across brain areas. Additional experiments are required to determine whether ALM plays a role in these other behavioral tasks.
It is currently unclear whether ALM is critical for planning movements in general or is specialized for orofacial movements. Multiple lines of evidence argue that ALM might be specialized for executing orofacial movements. First, the projections of ALM PT neurons overlap with regions of superior colliculus (Rossi et al., 2016) and the reticular formation that have been implicated in the control of licking. Second, bilateral silencing of ALM can prevent task-related licking (Komiyama et al., 2010) (H. Inagaki, personal communication) . Third, ALM was first identified as the brain area with the lowest microstimulation threshold for activating rhythmic licking in rats (Travers et al., 1997) and mice (Komiyama et al., 2010) . Unilateral photostimulation of ALM neurons evokes directional rhythmic licking, even in untrained mice , showing that ALM can control licking direction. ALM may play roles in controlling cognitive aspects of tongue movements, similar to the roles of frontal eye fields in the control of eye movements (Bruce and Goldberg, 1985; Funahashi et al., 1989; Schall and Thompson, 1999) .
MM shows little preparatory activity. However, MM neurons display early selectivity for the tactile stimulus (i.e., object location). Neurons were more active in posterior trials, when the pole was within reach of the whiskers, than in the anterior location, when the pole was out of reach ( Figure 8D ). The stronger response during the posterior trials likely reflects touch-evoked activity transmitted by projections from the vibrissal somatosensory cortex directly to MM (Chakrabarti et al., 2008; Ferezou et al., 2007; Hooks et al., 2013; Kleinfeld et al., 2002; Mao et al., 2011) . Previous recordings in MM also reported activity related to whisker movement (Hill et al., 2011; Huber et al., 2012) . In our experiments, whisker movements were similar across trial types (Figure 1 ) and neurons encoding whisker movements were likely classified as ''non-selective.'' In more challenging object localization tasks in which mice have to actively search for the object, whisker movements differed across trial types and MM activity shows encoding of whisker movement, even during the delay epoch (S. Peron, personal communication) .
Object location selectivity in MM persisted into the delay epoch, after the removal of the tactile stimulus. Although some delay epoch selectivity may be caused by ''spillover'' of sample epoch selectivity ( Figure 4B, left) caused by the finite GCaMP6s decay time ($350 ms half decay time in GP4.3 line; Dana et al., 2014) , this clearly does not explain all delay epoch selectivity in MM. For example, some neurons showed persistent object location selectivity throughout the entire delay period, which is several fold longer than the GCaMP6s decay time ( Figure 4B , right). Other neurons only developed object location selectivity during the delay epoch ( Figure 4B , middle, right). Some of these delayed, object location-selective neurons preferred the anterior pole location (Figure 4B , middle). These neuronal activity patterns represent a memory of object location. Persistent object location signals have previously been reported in MM and in MM neuron axons projecting to somatosensory cortex (Petreanu et al., 2012) . Activity related to working memory has also been reported in primate motor cortex (Herná ndez et al., 2010) . Motor cortex thus might play complex roles during cognitive behavior that are conserved across species. Despite this rich task-related activity in MM, our inactivation experiments suggested that MM is not required to perform the task (Guo et al., 2014b; Li et al., 2016) . Moreover, photoinhibiting MM during the delay epoch produced behavioral effects that were inconsistent with a critical role in stimulus perception ( Figure S9 ). Instead, photoinhibition perturbed behavioral choice, consistent with spillover of inactivation into ALM.
The photoinhibition experiments do not prove that MM activity is irrelevant in the delayed response task. Coding for object location is likely distributed across multiple brain areas. In addition to MM (vS1 / MM / ALM), somatosensory information could impinge onto ALM via the secondary somatosensory cortex (vS1 / S2 / ALM), the posterior nucleus of the thamaus (vS1 / PO / ALM), or the basal ganglia (vS1 / BG / thalamus / ALM). This redundancy might manifest itself as robustness to localized inactivation.
We also observed neurons representing trial outcome in both ALM and MM (Figures 6 and 8) . Some of these neurons responded specifically during correct trials, whereas others responded during error trials ( Figures 4C and 7C) . Overall, neurons preferring error trials outnumbered neurons preferring correct trials ( Figure 8D ). Neurons encoding reward and error have previously been reported in multiple frontal cortical areas (Matsumoto et al., 2007; Amiez et al., 2006) , including pre-motor cortex (Stuphorn et al., 2000; Amador et al., 2000) . Discovering the precise nature and function of these outcome responses will require additional experiments with targeted behavioral manipulations.
We analyzed neuronal selectivity with respect to cortical location, cortical depth, and axonal projection type. Preparatory activity related to future licking direction was first detected in deep ALM, where PT and IT neurons were intermingled. PT neurons appeared to display stronger and earlier lick direction selectivity than IT neurons, but this difference was not detected in a previous electrophysiology dataset . Several explanations are possible. First, even in ALM, less than 20% of PT or IT cells displayed lick direction selectivity at any given time (Figures 6, 8 , and S10), and the onset timing was variable. It is possible that the sample size of the electrophysiology data (PT/IT cells; electrophysiology, 45/27; imaging, 719/2,631) was not sufficient to detect a difference in onset timing. Alternatively, a substantial part of early IT selectivity reflects spike rate suppression , which is more difficult to detect in calcium imaging compared to increases in spike rate. This could cause an underestimation of early selectivity in IT neurons by calcium imaging. Finally, calcium-spike relationships could depend on cell type (Lin et al., 2007) . It is possible that IT cells display smaller calcium changes per spike, leading to an underestimation of its selectivity (but see Lur et al., 2016) .
Object location selectivity was widespread in MM in superficial and deep neurons, both in PT and IT cells. This likely reflects a prominent projection from somatosensory cortex to MM (Mao et al., 2011) . However, among MM neurons, PT cells in layer 5B receive only weak input from somatosensory cortex (Hooks et al., 2013 ), yet they displayed strongest object location selectivity, particularly during the early delay period. This suggests that amplification by cortical microcircuits contributes to MM selectivity. Representation of object location in MM PT neurons also suggests that corticofugal projections in the motor cortex may convey rich information about the external world, beyond motor commands. We combined transgenic mice (Dana et al., 2014) with high-speed two-photon imaging (Peron et al., 2015) to map the behavior-related activity in large populations of neurons across multiple parts of the motor cortex. Recent and future advances in transgenic mouse technology (Madisen et al., 2015) , protein sensors for neural activity (Dana et al., 2016) , and mesoscale, high-resolution imaging (Sofroniew et al., 2016) will make even larger cortical activity maps routine.
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Detailed methods are provided in the online version of this paper and include the following: 
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METHOD DETAILS
Tracer injection and window surgery All procedures were in accordance with protocols approved by the Janelia Institutional Animal Care and Use Committee. Male Thy1-GCaMP6s transgenic mice (GP4.3 line, JAX 024275) were housed in a 12:12 reverse light:dark cycle. Surgical procedures were performed under isoflurane anesthesia (5% for induction, 1.5%-1% during surgery). A circular ($2.5 mm diameter) or rectangular (2.25 mm x 3mm) craniotomy was made above left motor cortex covering both ALM (centered at 2.5 mm anterior and 1.5 mm lateral to bregma) and MM (centered at 1.5 mm anterior and 1.0 mm lateral to bregma) Trachtenberg et al., 2002) . The imaging window was constructed from two layers of microscope coverglass and fixed to the skull using dental adhesive (C&B Metabond, Parkell). A metal bar for head fixation was implanted posterior to the window using dental acrylic. In three animals, pyramidal tract (PT) and intratelencephalic (IT) cell in ALM/MM were labeled by injecting fluorescent retrograde tracers into their axon projection zones . Injection was performed during the window implantation surgery. To label IT cells, cholera toxin subunit B (CTB; Alexa 647; Molecular probe, Invitrogen, 0.5% in HEPES buffered saline) was injected to the contra-lateral (right) ALM (2.5 mm anterior, 1.5 mm lateral to bregma) and MM (+1.0 mm anterior, +1.0 mm lateral) at 200 and 500 mm deep, 50 nL per site. For PT cells, red RetroBeads (Lumafluor) were injected into the ipsi-lateral (left) basal pontine nucleus (3.6 mm posterior, 0.5 mm lateral, 5, 5.4, and 5.8 mm below brain surface, 50 nL per site). The injections were made through the thinned skull using a custom volumetric injection system based on a one-axis micromanipulator (MO-10, Narishige) (Petreanu et al., 2009) . Glass pipettes (Drummond) were pulled and beveled to a sharp tip (outer diameter of $30 mm). Pipettes were back-filled with mineral oil and front-loaded with CTB-647 or red beads. After surgery, buprenorphine HCl (0.1 mg/kg, intraperitoneal injection; Bedford Laboratories) was used for postoperative analgesia. Ketoprofen (5 mg/kg, subcutaneous injection; Fort Dodge Animal Health) was used at the time of surgery and postoperatively to reduce inflammation. After the surgery, mice were allowed to recover for 3-5 days with free access to water. After the recovery period, mice enter water restriction where they received 1 mL of water daily. Behavioral training started $5-7 days after the start of water restriction. On days of behavioral training, mice were tested in experimental sessions lasting 1 to 2 hr where they received all their water of the day.
Mice solved an object localization task with all of their whiskers (Guo et al., 2014a (Guo et al., , 2014b . The stimulus was a metal pin (0.9 mm in diameter), presented at one of two possible positions (Figure 1 ). The posterior pole position was approximately 5 mm from the center of the whisker pad. The anterior pole position was 4 mm anterior to the posterior position. A two-spout lickport (4.5 mm between spouts) was used to deliver water reward and record the timing of licks. High-speed video (Mikrotron Eosens Camera, Norpix, MC1362) was taken over a 11.4 mm x 15.2 mm region at 1 kHz to track whiskers.
At the beginning of each trial, the vertical pole moved into the plane within reach of the whiskers ($0.2 s travel time). The pole remained within reach for 1 s, after which it was retracted (retraction time 0.2 s). The sample epoch is defined as the time between the pole movement onset to pole retraction onset (sample epoch, 1.2 s total, Figure 1B) beginning of pole retraction (delay epoch, 3 s total, Figure 1B ). An auditory ''response'' cue indicated the end of the delay epoch (pure tone, 3.4 kHz, 0.1 s duration). Licking early during the delay period resets the delay-period timer (3 s). Trials with early licking were excluded from the analysis. Licking the correct lickport after the auditory ''response'' cue led to a small drop of water reward. Licking the incorrect lickport was not rewarded nor punished. Trials in which mice did not lick after the ''response'' cue were rare and typically occurred only at the end of a session. Animals were trained daily until they reached $70% correct. Thereafter behavior was combined with imaging (typically 20-30 days after surgery). Behavior performance during imaging was 74% ± 9%. Imaging during behavior was performed on alternating days to keep the error rate stable.
Wide field calcium imaging Wide field imaging was conducted using a custom-built epi-fluorescence micoscope with a 2X objective (olympus XLFluor2X/340, NA 0.14) and a CCD camera (QImaging QICAM). The brain was illuminated with blue LED light (CoolLED) with 3-6 mW/cm 2 . Fluorescence images (260 x 348 pixels, 4 x 4 binning, covering a $3.2 3 4.3 mm region) were acquired at 15 Hz. Images were sorted according to trial types and aligned to the start of each trial. For each frame and pixel, we calculated the fluoresence change relative to baseline, DF/F0, as (F-F0)/F0, where F0 was the average fluorescence of the six frames before trial start. A map of DF/F0 for each trial type ( Figure 2B ) was constructed by averaging all trials of the same type. For clarity, pixels corresponding to major blood vessels or to areas outside the window were masked for display.
Two-photon calcium imaging
Images were acquired using a custom-built two-photon microscope equipped with a resonant scanner (line frequency 16 kHz) controlled by ScanImage 4.2 (http://scanimage.org) (Pologruto et al., 2003) . The light source was a femtosecond pulsed laser (Chameleon, Coherent). The objective was a 16X water immersion lens (Nikon, 0.8 NA, 3 mm working distance). GCaMP6s was excited at 940 nm and images (512 x 512 pixels, 600 mm x 600 mm) were acquired at 14 Hz. After functional imaging of a particular z plane, the laser wavelength was switched to 830 nm to image Retrobead and CTB-Alexa647. A small image stack was acquired around the imaging location to allow identification of out-of-focus cells. Retrobead and CTB-Alexa 647 were imaged with Brightline 609/54 (Semrock) and HQ-675/70-2P (Chroma), respectively.
Image analysis
Brain motion was corrected using the ImageJ plugin Turboreg (Thé venaz et al., 1998) . Regions of interest (ROIs) corresponding to identifiable cell bodies were selected using a semi-automated algorithm (Chen et al., 2013) . Individual neurons were visually identified based on average fluorescence images as well as a ''neighborhood correlation maps'' (where the brightness of each pixel encodes the correlation of its fluorescent time course to that of its neighbors), which highlights active cells (Chen, 2008) . Each ROI was inspected to correspond to a morphological neuron. The fluorescence time course of each cell was measured by averaging all pixels within the ROI, with a correction for neuropil contamination (Kerlin et al., 2010; Peron et al., 2015) . The fluorescence signal of a cell body was estimated as F cell_true (t) = F cell_measured (t)-r*F neuropil (t), with r = 0.7. The neuropil signal F neuropil (t) surrounding each cell was measured by averaging the signal of all pixels within a 40 mm radius from the cell center (excluding all selected cells) (Chen et al., 2013) . Fluorescence signals 5 s before and after the response cue of each trial were extracted and aligned to the trial start. DF/F was computed for each trial as (F-F 0 )/F 0 , where F 0 is the baseline fluorescence averaged over a 0.5 s period immediately before the start of each trial. The DF/F traces were grouped according to trial types (Correct right, CR; Correct left, CL; Error right, ER; Error left, EL).
For each cell, we modeled the fluorescence change of the four trial types using a linear model, which takes into account the effects of three potential contributing variables (i.e., object location, a(t); lick direction b(t); and outcome, g(t)), plus a common, trial-type independent term m(t): DF ) ; εðtÞ denotes trial-to-trial variation specific to the i th trial. For each time point t, we tested the significance of each contributing factor using 3-way ANOVA (MATLAB function 'anovan' using 'linear' model) against the null hypotheses H0a: a(t) = 0; H0b: b(t) = 0; H0g: g(t) = 0. A neuron is classified as 'trial type selective' at time t if at least one of the three hypotheses can be rejected at a p value of 0.01. Cells were classified as 'purely selective' for object location, lick direction or outcome if only one of the hypotheses (H0a, H0b, or H0g) can be rejected at p < 0.01, respectively. Cells were classified as 'mixed selective' at time t if more than one hypothesis was rejected at p < 0.01.
For factors that had a significant contribution at time t, we calculated the coding coefficient as: where h,i denotes averaging across trials of the same type. For factors that did not have a significant effect at time t, the corresponding effect size was set to 0 when computing the average across neurons ( Figures 8D, S6 , and S8). The error of the average selectivity (shading in Figure 8D ) was estimated by resampling the data with hierarchical bootstraping (i.e., resampling animals, planes, and cells with replacement). The averaged selectivity was computed for each of the resampled datasets and the SD of the resampled selectivity is shown as the shaded area around the curve.
To analyze the variance of neuronal selectivity explained by different factors of cell identity, we grouped neurons according to their location (ALM versus MM), depth (superficial z < 350 mm versus deep z > = 350 mm), and projection type (PT, IT and other). For each type of grouping and for each type of coding coefficient (c = a or b or g or jaj or jbj or jgj), we calculated the total sum of square Here, c ij ðtÞ is the coding coefficient of the ith cell belonging the jth group at time t during the trial. c j ðtÞ is the average coefficient of the jth group. cðtÞ is the grand average over all cells. n j indicates the number of cells of the jth group. k indicates the number of group, (k = 2 for location and depth analysis, 3 for projection type analysis). For cells with non-significant coefficients (i.e., p > 0.01), the respective c ij ðtÞ values were set to 0.
The percent of variance explained was calculated for each time point t ( Figure 8E ) as variance explainedðtÞ = SSBðtÞ=SSTðtÞ
To summarize the total variance explained across different type of coefficient and throughout the trial, we calculate total variance explained ( Figure 8F ) as total variance explained = P t;l SSB l ðtÞ P t;l SST l ðtÞ
Here the summation was over all time points t during a task period 4.6 s before and 2.5 s after the response cue, and over all absolute coefficient types l = {jaj, jbj and jgj}. The error bars were computed by bootstrap.
Electrophysiology
A small craniotomy (diameter, 1 mm) was made over left ALM (centered on 2.5 mm anterior, 1.5 mm lateral) or left MM (1 mm anterior, 1mm lateral) one day prior to the recording session (Guo et al., 2014b) . Across different days we recorded from both cortical regions in the same mouse. Three to five recordings were made from each craniotomy. During each recording, a drop of silicone gel (3-4680, Dow Corning, Midland, MI) was applied over the craniotomy after the electrode was in the tissue to minimize brain movement. The tissue was allowed to settle for several minutes before the recording started. Recording depth was based on manipulator reading (Guo et al., 2014b) . Extracellular spikes were recorded using NeuroNexus silicon probes (Part# A4x8-5mm-100-200-177) or a custom 64-channel silicon probe from Janelia Research Campus (2 shanks, 32 recording sites per shank, spaced linearly at 25 mm spacing). The 32 or 64 channel voltage signals were multiplexed, digitized by a PCI6133 board (National instrument) at 14 bit, demultiplexed (sampling at 25 kHz per channel) and stored for offline analysis.
Electrophysiology data analysis
The extracellular recording traces were band-pass filtered (300-6 kHz). Events that exceeded an amplitude threshold (4 standard deviations of the background) were subjected to manual spike sorting to extract single units (Guo et al., 2014b) . 567 single units from 3 mice were recorded during behavior across 24 recording sessions (297 neurons from 13 sessions of ALM recording; 270 neurons from 11 sessions of vM1 recording). Spike widths were computed as the trough-to-peak interval in the mean spike waveform (Guo et al., 2014b) . Units with spike width <0.35 ms were defined as fast-spiking (FS) neurons (72/567) and units with spike widths >0.45 ms as putative pyramidal neurons (486/567). Units with intermediate values (0.35-0.45 ms, 9/567) were excluded. This classification was previously verified by optogenetic tagging of GABAergic neurons (Guo et al., 2014b) . The majority of the units (468/567) obtained were from deep layers (estimated depth 400-1,000). Spiking data were subjected to the same analyses as imaging data to obtain a(t), b(t), and g(t) using spike counts within 400 ms windows (in 100 ms steps).
